Abstract Anode biofilm is a crucial component in microbial fuel cells (MFCs) for electrogenesis. Better knowledge about the biofilm development process on electrode surface is believed to improve MFC performance. In this study, double-chamber microbial fuel cell was operated with diluted POME (initial COD = 1,000 mg L -1 ) and polyacrylonitrile carbon felt was used as electrode. The maximum power density, COD removal efficiency and Coulombic efficiency were found as 22 mW m -2 , 70 and 24 %, respectively. FTIR and TGA analysis confirmed the formation of biofilm on the electrode surface during MFC operation. The impact of anode biofilm on anodic polarization resistance was investigated using electrochemical impedance spectroscopy (EIS) and microbial community changes during MFC operation using denaturing gradient gel electrophoresis (DGGE). The EISsimulated results showed the reduction of charge transfer resistance (R ct ) by 16.9 % after 14 days of operation of the cell, which confirms that the development of the microbial biofilm on the anode decreases the R ct and therefore improves power generation. DGGE analysis showed the variation in the biofilm composition during the biofilm growth until it forms an initial stable microbial community, thereafter the change in the diversity would be less. The power density showed was directly dependent on the biofilm development and increased significantly during the initial biofilm development period. Furthermore, DGGE patterns obtained from 7th and 14th day suggest the presence of less diversity and probable functional redundancy within the anodic communities possibly responsible for the stable MFC performance in changing environmental conditions.
Introduction
As we head into the future, major portion of energy produced and used in the world will be from sustainable sources due to the world's inadequate supply of fossil fuels and their influence on environmental and economic changes. Sustainable electricity production is becoming one of the prime concerns of the twenty-first century and wastewater treatment is also a top priority in the developing global community. Fuel cell technology may be a sustainable strategic way for converting chemical energy into electricity [1] . A fuel cell is a device that converts the chemical energy from a fuel into electricity through a chemical reaction with oxygen or other oxidizing agent. Among the fuel cells, microbial fuel cell (MFC) represents a promising new fuel cell to produce electricity from a diversity of organic substrates through direct oxidation by electrochemical active microorganisms under ambient conditions [2] . It is obvious that the power density output of an MFC is far lower than that of chemical fuel cell because the latter uses energy intensive fuels such as hydrogen and methanol, while MFCs typically use lowgrade organic matter in wastewater, but using MFCs for wastewater treatment, a significant energy saving may be achieved [3] . A variety of wastewaters have been used as substrates in MFCs for electricity generation, including domestic wastewater [4] , swine wastewater [5] , food processing wastewater [6] , etc. Despite the major advances made in the past decade, MFCs still face the considerable challenges for large-scale real-world applications due to low power generation and high cost [3, 7] .
The electrode materials and the microorganisms used in anode of the MFCs are the key factors influencing the performance of the MFCs. Various electrode materials have been used in MFC such as graphite rod [8] , carbon paper [9] , carbon felt [10] , carbon cloth [11] , carbon mesh [12] , etc. Among the electrode materials, carbon felt is commonly used electrode material; its loose texture confers more space for bacterial growth than carbon cloth and graphite sheets, but the growth of bacteria is more likely to be restricted by the mass transfer of substrate and products on its inner surface [11] . To increase the available surface area for bacteria, the carbon felt is cut into different shapes and placed into an anode chamber. Moreover, it is inexpensive (24-48 USD/kg), and provides high surface area and high conductivity [11, 13] . Different electrode materials have difference in porosity, surface area and conductivity. These differences may affect the adhesion of microbes [3, 14] . In MFC, bacterial attachment to and the formation of a biofilm on the anode surface are essential for the efficient biological transfer of electrons between microbes and anode [15] . A biofilm is an extracellular polymeric substance (EPS) encased, surface adhering microbial community [16] . Conventional theory classifies biofilm structure into three basic steps of development, initial attachment, maturation and detachment [17] . The EPS physically immobilizes the bacteria while at the same time offers them opportunity for cell to cell contact and communication [16] .
Xiao et al. [18] used denaturing gradient gel electrophoresis (DGGE) based on amplified 16S rRNA gene fragments to detect the changes in microbial communities in the biofilm in the presence of negative pressure environment. Furthermore, the effect of biofilm on anode impedance was studied using electrochemical impedance spectroscopy (EIS) by Ramasamy et al. [19] . EIS is an efficient, non-interfering and semi-quantitative technique to characterize the performance of bioelectrochemical systems. The contribution of anode charge transfer resistance can be determined through the measurement of impedance using EIS [20] . EIS together with equivalent circuit (EC) analysis has been used to explain anodic electrochemical reactions in MFCs. Very few studies have been reported to investigate the microbial community changes in biofilm using DGGE and the impact of biofilm on charge transfer resistance using EIS. But, until now no study has reported the effect of microbial community changes on charge transfer resistance using palm oil mill effluent (POME). POME has high strength in chemical oxygen demand (COD), serving a good source of organic matter for electricity generation. POME is also studied in few MFC configurations for electricity generation [21, 22] . Generally, the COD levels of POME range from 15,000 to 100,000 mg/L and can impose heavy loads on the environment [23] .
In this study, effect of microbial community changes on charge transfer resistance and power generation of MFC using POME was studied. The biofilm formed on anode surface was characterized by FTIR and TGA. The microbial community changes during MFC operation were analyzed using DGGE and the anodic polarization resistance was investigated using EIS.
Materials and methods

MFC construction
Microbial fuel cells consisting of two cylindrical compartments were made using glass material (borosilicate) and fabricated in China (Shanghai Sunny Scientific, China). The working volume of each compartment was 450 mL. A piece of Nafion 117 membrane (Dupont Co., USA) was located between the anode and cathode chambers to electrically split the anode and cathode compartments while permitting proton transport. PACF (Shanghai sunny scientific, China) was procured and used as electrode component for all the MFC experiments. Equivalent size of PACF (4.9 9 0.9 9 5 cm) was used as an electrode in each compartment of double-chamber MFC. Prior to use, PACF was washed several times with water to remove impurities and Nafion membrane was drenched overnight in dilute HCL followed by washing with DI water for several times. The anode chamber was filled with 450 mL of POME and inoculated with anaerobic sludge from palm oil anaerobic treatment plant in Felda, Kuantan, Malaysia. The cathode chamber was filled with 450 mL of potassium permanganate solution and its concentration was kept constant throughout the experiment. All MFC materials were sterilized before use by autoclave, bleach, or ethanol treatment and the cell parts were assembled beneath sterile water. The anode and cathode electrodes were connected using copper wires with a resistor to form a circuit. All experiments were carried out at the constant temperature (29 ± 1°C) with a 1-kX external resistance connected unless otherwise specified.
Measurement and analyses
The voltage and current across the fixed external resistor (1 kX) in the MFC circuit was measured at 15-min intervals using digital multimeter (Fluke 289 True RMS Multimeter, USA) with a data logger connected to the computer through USB cable adapter. Using the voltage and current data, polarization and power density curves were plotted. Polarization curves were obtained by applying a different external resistance (R, from 200 to 50 X) to the circuit and the maximum sustainable voltage was recorded for each resistance.
FESEM analysis of the biofilm
The samples for SEM were prepared by a method described by Chae et al. [24] . Parts of the polyacrylonitrile carbon felt were cut and removed from the anode chamber then rinsed with a sterile medium, and immediately fixed using an anaerobic solution of 2 % glutaraldehyde and 1 % formaldehyde. After immersion in 1 % osmium tetroxide for 24 h, samples were carefully rinsed three times in a HEPES buffer (pH 6.8) and once in deionized water. Samples were then subjected to a serial dehydration protocol using increasing concentrations of ethanol (10, 25, 50, 75, 90, 100, 100, and 100) for 30 min for each stage with very gentle periodic agitation and then dried completely at room temperature. Desiccated samples were coated with platinum and observed using a JEOL JSM7800F field emission SEM at 3 kV.
Infrared spectroscopy (IR) and thermogravimetric analysis (TGA)
Infrared spectroscopy samples were prepared by oven drying the solid samples at 120°C overnight to eliminate water, and followed by grinding with dry KBr at 1 wt% sample. Samples were pressed into thin discs and analyzed on a Nicolet Avatar 370 DTGS FT-IR spectrophotometer under N 2 with a dry KBr background. TGA samples (5 mg) were analyzed on TA Instruments Q500, thermogravimetric analyzer, at a heating rate of 10°C min -1 in an atmosphere of N 2 .
Biolog gene III analysis
Once the pure cultures from the samples were obtained, BIOLOG GEN III test (Biolog Inc., United States) was carried out to identify the genus and species of microorganisms by performing carbon consumption tests with the isolated microorganisms. Biolog microplate consists of 96 wells out of those 71 wells for source utilization assay and 23 wells for chemical sensitivity assays. Tetrazolium redox dyes were used to colorimetrically indicate utilization of the carbon sources or resistance to inhibitory chemicals. The isolated colonies were precultivated and enriched on Tryptic soy agar plates and incubated at 33°C for 24 h. A pure culture of 3 mm diameter area of colony was picked up using cotton-tipped inoculator swab from the agar plate and immediately released the bacteria into the inoculating fluid (IF). It was stirred with the swab to obtain a uniform cell suspension and filled all wells with 100 lL of cell suspension and incubated at 33˚C for 36 h. All of wells start out colourless when inoculated but during incubation there is increased respiration in the wells where cells can utilize a carbon source that leads to increased respiration causing reduction of the tetrazolium redox dye, forming purple colour. After incubation the microplates were read using BIOLOG's microbial identification system software (Omnilog data collection) and based on match, species level identification of the isolate was made [25] .
Bacterial community profiling using DGGE Extraction of total genomic DNA from the biofilm was done using a soil extraction kit (Nucleospin soil, Macherey-Nagel, Germany). The partial bacterial 16S rRNA genes were amplified with primer pair GC341f and 517r [26] using the Mastercycler Ò Nexus Gradient thermal cycler (Eppendorf, Germany). Touchdown PCR (polymerase chain reaction) was carried out in 50-ll PCR mixtures consisting 100 ng of DNA template, 1.5 mM MgCl 2 , 0.2 mM nucleotide mix, 0.2 lM of each primer and 1.25U of GoTaq Ò DNA Polymerase (Promega, USA) with the following cycling condition: initial denaturation at 94°C for 5 min; 20 touchdown cycles of denaturation at 94°C for 30 s, annealing at 65-55°C for 1 min (decreasing 0.5°C each cycle), and extension at 72°C for 30 s; 15 standard cycles of denaturation at 95°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s; and a final extension at 72°C for 10 min. PCR products were analyzed by DGGE with a denaturing gradient from 35 to 65 % (8 % acrylamide, 16 h at 70 V) [27] in the Cipher DGGE Electrophoresis System (CBS Scientific, USA) after which the gel was stained using SYBR Ò Gold (Life technologies) and visualized by UV transillumination. Banding patterns were analyzed using GelCompar II software version 5.10 (Applied maths, Belgium).
Electrochemical impedance spectroscopy
Electrochemical impedance spectroscopy (EIS) was done using an electrochemical workstation (AUTOLAB 2273, PAR, USA). Anode electrode was examined using the three-electrode mode system. The frequency of the AC signal was varied from 100 kHz to 5 mHz with an amplitude of ±10 mV. The anode and cathode electrode was used as working electrode and counter electrode, respectively. The saturated Ag/AgCl electrode was used as the reference electrode and was placed as close as possible to anode electrode [28] . Impedance measurements were taken on chosen anode configuration. The impedance data were fitted to the equivalent electrical circuit to obtain electrochemical charge transfer resistance for the anode. The Nyquist plots of the impedance spectra were analyzed using NOVA 1.9 (NOVA Software).
Results and discussion
Performance of MFC with POME The MFCs were fed with diluted POME with an initial COD of 1,000 mg L -1 and anaerobic sludge as inoculum for all the experiments. The predominant microorganisms present in the anaerobic sludge were identified as Pseudomonas aeroginousa, Pseudomonas mendocina, Pseudomonas viridiivida, Acinetobacter schindleri, Actinobacillus capsulatus and Brevibacterium paucivorans using this BIOLOG GENE III test [25] . The current generation and COD removals of the POME in the MFC system versus time are shown in Fig. 1a, b . Initially, MFC were operated for 20 days and it showed a log, stationary and decline phase (Fig. 1a) but for the subsequent experiments MFC was operated only for 14 days. After 14 days of operation, the anode effluents showed a maximum COD removal percentage of 70 % and Coulombic efficiency of 24 %. Entrapment and build up of organic constituents from wastewater in the anodic biofilm [29] , methane production [30] , losses in efficiency due to the energetic needs to sustain fermentative and acetogenic groups in the anodic foodweb [31] , and diffusion of the terminal electron acceptor oxygen into the anode [5] are the causes of low coulombic efficiencies, particularly during the treatment of wastewater. Figure 1c shows the polarization curves for the MFC operated for 14 days so as to yield anode biofilm with variable physical properties during the period. It is evident from the Fig. 1c that after 3 days of operation there was little activity on the anode resulting in a low polarization performance. Between days 3 and 7, the biofilm development was quick and results in a significant enhancement in the performance. This raise might be caused by the organization of microorganisms into an efficient biofilm on the electrode surface [32] . The maximum performance was observed on 7th day of biofilm growth on the anode as shown in Fig. 2 . After 7 days, there was a noticeable drop in the polarization performance which might be due to the accumulation of metabolic product such as the accumulation of ion H ? depressed the microbial activities [33] . The power density profile follows the similar trend as that of the polarization performance with the excellent performance being showed by the MFC on 7th day. A maximum power density of 22 mW m -2 was found on 7th day of operation which dropped to 18 mW m -2 after 14 days of operation. The trend is similar to the study reported by Jahim et al. [33] using palm oil mill effluent in MFC.
Biofilm characterization
FESEM analysis of the biofilm
The bacteria strategically positioning themselves onto the anode surface form a bacterial community called the biofilm. Here, the bacteria produce a matrix of material so that they stick to the anode. The sticky biofilm is made up of complex extracellular proteins, sugars and bacterial cells that enable the bacteria to transport electrons to the anode [34] . Extracellular polymeric substances (EPSs), the important component of biofilm, are high molecular weight compounds secreted by microorganisms and have a significant influence on the physicochemical properties including electron transfer [35] . To confirm the presence of biofilm on the electrode surface, SEM of the anode before and after MFC operation was conducted and the results are presented in Fig. 2 . After MFC operation, bacteria of different sizes and shapes were scattered around the electrode, associated with a biofilm formed on its surface.In some places, loosely associated microbial clumps were observed on electrode surface and interconnected fibre-like structure with different morphological cells covered the electrode surface. Previous studies have proposed that these microbial clumps consist of bacteria that can ferment fuel, into simple fermentation products [36] .
TGA analysis on biofilm
Microbial fuel cell anodes were examined using TGA before MFC treatment and after MFC treatment at different intervals (3rd and 14th day) which is shown in Fig. 3 . Discrete changes in overall mass loss were seen for both the anodes (before and after MFC treatment). Water adhered to the anode surfaces is likely to have contributed to mass losses from 25 to 100°C and so only losses between 100 and 900°C were considered significant. The anode before MFC treatment showed a 15.39 % total weight loss from 100 to 600°C. A slight increase to 25.02 % in anode was observed for the 3rd day of MFC treatment, whereas a significant increase in anode to 66.67 % loss was observed for the 14th day of MFC treatment. A 12 % change in mass loss was observed between 100 and 200°C in the TGA weight loss profile in anode after 14 days of MFC operation but there is no mass loss in anode before operation. Bacterial organic matter is suppose to decompose and burn in this temperature limit, and thus this variation is attributed to a bacterial biofilm [37] . Two distinct mass loss events were observed during 3rd and 14th day anode heating. On 3rd day, 15.37 % from 200 to 380°C and 12.78 % from 400 to 630°C were observed whereas on 14th day, 64.55 % from 200 to 380°C and 22.3 % from 400 to 580°C were observed. The discrete changes in TGA profiles can be attributed to the increased amount of biofilm on the electrode surface and support the success of biofilm formation on the electrode surface.
FTIR analysis of the biofilm
Anodes were investigated by FT-IR before MFC treatment and after MFC treatment at various intervals (3rd, 7th and 14th day) which is shown in Fig. 4 . The broad band observed in the 3,500-3,300 cm -1 range is attributed to the free and bound O-H and N-H groups, which could form hydrogen bonding with the carbonyl group of the peptide linkage in the protein [38] . The bands at 2,919 cm -1 and 2,850 cm -1 can be attributed to the functional groups of membrane fatty acids and by some amino acid side-chain vibrations since here the characteristic C-H stretching vibrations of -CH 3 and =CH 2 functional groups dominate [39] . The band observed between 2,240 and 2,280 cm 
Bacterial community analysis
The microbial community attached to the anodes will be the primary electron donor [40] . Therefore, it is imperative to investigate the community shift during the operation of the fuel cell. Analysis of the DGGE pattern revealed that the diversity of microbes changed during the operation of fuel cell. As showed in Fig. 5 , microbial diversity growing on the anode was significantly different between the third and seventh days (similarity: 15.67 ± 3.39 %) indicating a major microbial community shift. The diversity of the microbial community became more constant as the banding profiles obtained from the seventh and fourteenth day showed high similarity (similarity: 64.33 ± 2.25 %). Thus only after 7 days of MFC operation, the microbial community became more stable which resulted in stable current (Fig. 1a) . The profiles (7th and 14th day) showed high similarity between the two samples. Only five unique bands were not detected on 14th day lane compared to 7th day lane ( Fig. 5 labelled with arrows) , and furthermore, these five bands were relatively weak which meant that these species had a small biomass in the biofilm. The results clearly indicated that after 7 days diversity of bacterial community was less. Earlier research [6] had shown that the initial population in the inoculum could be different from the subsequent microbial population on the electrode. However, the community shift during the operation of the fuel cell in this study indicates that microbial diversity varies significantly until it reaches an initial stable community thereafter the change in the diversity would be less. The diversity and the functional redundancy of the community could be significant factors in determining the functional stability of a MFC system [41, 42] . DGGE patterns obtained from 7th and 14th day suggest the presence of less diversity and there may be the functional redundancy within the anodic communities, a probable reason for the stable MFC performance in changing environmental conditions.The changes in microbial community were observed in DGGE and found that after 7 days stable biofilm has been formed.
Electrochemical impedance spectroscopy
Nyquist plots for the anode configuration on day 3, 7 and 14 are shown in Fig. 6 . The measurement of the impedance spectra of the anode provides key information that allows analysis of the electrochemical reactions on electrodes and bacterial metabolism [28] . The real axis (Z) intercept of the Nyquist curves in the high frequency region corresponds to the time-independent ohmic resistance in the anode configuration [43] [44] [45] . The magnitude of the Nyquist arc qualitatively yields the electrochemical polarization resistance of the working electrode in anode configuration, while the quantitative values can be obtained by an equivalent circuit (EC) fitting of the data [43] . After 3 days, the electrochemical impedance spectroscopy of the anode was tested. The impedance spectra of the anode MFC were analyzed by fitting to the EC: [R(CR)(CR)(CG)] as shown in Fig. 5 where R 1 , R ct , C andG represent the ohmic resistance, charge transfer resistance, capacitance and mass transfer resistance, respectively [46] . It can be observed that the EIS data were fitted well with the equivalent circuit model. EIS analysis seems to indicate that at least two anodic resistances can be resolved using EIS within typical frequency ranges. While bacteria grow on the anode surface, the anode charge transfer resistance decreases with time thus reducing the activation barrier, boosting the power density during the initial phase of bacterial growth in the MFC [19] . The R ct values on 3rd, 7th and 14th day were found to be 55.58, 49.82 and 46.18 X, respectively. This study revealed a significant reduction in the polarization resistance of the anode in the presence of bacteria. It was concluded that these observations indicate respectively an increase in the rate of the redox process at the electrode and the presence of a conductive biofilm on the electrode surface [47] . In a recent study, the impedance spectrum of the anode was measured on days 1 and 5 and after 3 weeks and it was reported that polarization resistance decreased within 3 weeks, implying that biofilm development improved the kinetics of the electrochemical reactions [19] . Our experimental finding shows that the low-frequency region in the impedance diagram can only be fitted in a meaningful way to a Gerischer phase element. A fit to Warburg impedance is not possible; as such an element does not turn to the axis, but continues at a 458 angle. Alternative circuits were tried but none of the alternative fitted well with the measured data that we had found using Gerischer element. The electrode mechanism must have involved in adsorption combined with diffusion; therefore, Gerischer element was used instead of Warburg impedance [48] . It is interesting to note that the anode charge transfer resistance (R ct ) after 14 days of continuous microbial growth was lower than that on day 3. This could be due to decrease in the energy loss of the electron transfer and perhaps the result of changing the rate of bioelectrochemical reaction. There are two main processes on the anode of MFCs: electron generation through microorganisms degrading (oxidizing) the substrate and electron transport from microorganisms to the electrode. However, the reduction of R ct is not only related to extracellular microbial electron-transfer activity, but may also be influenced by other factors, such as the anode biomass. The biofilm enrichment on electrode surface influences the reduction of charge transfer resistance. During the MFC operation with anaerobic sludge, biofilm formed on electrode surface was usually enriched with electrochemically active bacteria [6] which might reduce the charge transfer resistance. Therefore, the development of the microbial biofilm on the anode was found to decrease the anode polarization resistance and facilitate the kinetics of the electrochemical reactions [19] . This study confirmed the fact that the anode charge transfer resistance is strongly influenced by the microbes growing on the anode surface.
Conclusion
Anode biofilm formation was shown to enhance power density and reduced charge transfer resistance. The anode biofilm was used to reduce the charge transfer (R ct ) values of the anode. Anode R ct values were reduced by 16.9 % on 14th day from 3rd day and it showed that the development of the microbial biofilm on the anode was found to decrease the anode polarization resistance which in turn increases the power generation. The power generation results showed that the power density produced in MFC was directly dependent on the biofilm growth and increased significantly during the initial biofilm growth period. FTIR results revealed the occurrence of peptide linkages and functional groups of membrane fatty acids which confirms the presence of biofilm formation on anode. TGA weight loss profile in anode showed 12 % mass loss between 100 and 200°C which proves the existence of bacterial organic matter on the electrode surface. DGGE analysis of the microbial community in the biofilm indicated that the initial microbial population in the MFC anode was not the same when compared to the more stable microbial community on and after 7 days of operation. Moreover, the DGGE patterns obtained from 7th and 14th day suggest the presence of less diversity and may perhaps functional redundancy within the anodic communities would have possibly provided the stable MFC performance in changing environmental conditions.
